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Abstract 
In this paper, the effects of gaps on the boundary layer transition are investigated on an ONERA-D airfoil both experimentally 
and numerically. The experiment has been conducted in a subsonic wind tunnel for several gap geometries and aerodynamic 
conditions. Hot-wire anemometry was used to quantify the transition modification induced by the imperfection compared to the 
smooth case in favorable and adverse pressure gradients. At the same time, the gap effects are numerically estimated with the 
help of a ΔN model previously developed at ONERA and compared to the experiment.  
© 2014 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of ABCM (Brazilian Society of Mechanical Sciences and Engineering). 
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1. Introduction 
At the beginning of the 21st century, the European Commission outlined the strategic research orientations which 
should be taken to reduce the environmental impact of increasing air transport. Very challenging goals were 
established in terms of noise and reduction of pollutant emissions. For future aircrafts, one of the most promising 
way to achieve these targets is to use NLF (Natural Laminar Flow) profiles which keeps the boundary layer laminar 
as far as possible along the chord in order to decrease the skin friction drag and thus, the fuel consumption. Using 
this approach, it rapidly becomes obvious that the roughness of the wing surface is a key point and that the effects of 
manufacturing irregularities (rivets, junctions, etc) on the boundary layer have to be known. The Aerodynamics and 
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Energetics Modeling Department in ONERA Toulouse has a long-time expertise in this field and has provided useful 
models and experimental data concerning the effect of two-dimensional imperfections such as Forward Facing Steps 
(FFS), Backward Facing Steps (BFS), gaps or waviness on the laminar-turbulent transition1,2. From a numerical 
point of view, the influence of these imperfections can be determined with a simple method using laminar Navier-
Stokes computations and classical linear stability analysis. The purpose of such a method is to provide the N-factor 
modification induced by the imperfection from the smooth case in the form of a ΔN model calibrated for different 
geometrical parameters and different aerodynamic conditions. Then the transition location shift can be estimated 
using very classical tools like the eN method. This approach is not relevant for isolated roughness elements for which 
tridimensional effects may result in non-normal modes growth.  
The present paper focuses on studying the effect of gaps on TS-waves-induced transition over an airfoil, both 
experimentally and numerically. This kind of surface imperfections induces localized boundary layer separation 
which drastically increases the growth rate of the longitudinal instabilities. One of the first important criterions 
concerning the effect of gaps was established by Nenni and Gluyas3 long before the ΔN approaches, using flight test 
data. If we consider a two-dimensional rectangular gap located at the wall perpendicular to the mean flow, h and b 
representing respectively the depth and the width of the cavity, the criterion proposed by these authors is: 
 
(1) 
 
 
where ν is the kinematic viscosity and U∞ is the free-stream velocity. Considering the Reynolds number based on the 
gap width, as given in Equation 1, the authors concluded that transition of the boundary layer will occur at the gap 
location for Reb values higher than 15000. This simple criterion has two limitations: the first one is that the gap 
depth is not included in the correlation and the second one is that the criterion uses the free-stream velocity while the 
local velocity (at the location of the imperfection) should be more appropriate. More recently, a ΔN model has been 
developed at ONERA4 concerning the effect of gaps on boundary layers with incompressible conditions. The authors 
showed that the N-factor modification induced by this kind of imperfections result in the superposition of two 
components: from one side, the ΔNpeak represents a drastic increase of amplification rates just above the roughness 
which may induce transition onset at the gap location and from the other side, the ΔNfar represents a shift from the 
natural N-factor curve which may induce a progressive upwind move of the transition location.  
The aim of this study is to provide some experimental data about the effect of gaps on the transition and to verify 
the validity of the model described above for different gap geometries and different aerodynamic conditions.  
 
2. Experimental study 
The first section of the paper deals with the experimental investigation and is divided into three subsections. The 
first one describes the experimental set-up and the different kinds of measurements performed during this study. The 
second subsection will present the effect of gaps on a boundary layer which develops with a strong negative 
(favorable) pressure gradient on the upper side of the model. In this case, the flow is accelerated all along the chord 
of the model and the boundary layer is stable with regards to the longitudinal instabilities. The third subsection is 
related to an aerodynamic configuration with a less favorable pressure gradient, leading to higher growth rates of 
instabilities and a critical abscissa near the leading edge of the model.  
2.1. Experimental set-up 
The experimental study has been conducted in the subsonic open-return TRIN1 wind tunnel located at the 
research facilities of ONERA Toulouse. It features a low turbulence level 0.5x10-3 < Tu < 2x10-3 depending on the 
free-stream velocity U∞, which ranges from 10 to 80 m/s. This facility operates at ambient conditions and is well-
suited for transition and laminarity studies. The test section is 0.35 m high, 0.6 m wide and 2 m long. As illustrated 
in Fig. 1(a), a two-dimensional model based on an ONERA-D symmetric profile, having a chord length of 
c = 0.35 m, is mounted horizontally in the test section of the wind tunnel. The angle of attack can be adjusted 
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between D = -8° and D = 3° in order to adapt the pressure distribution and thus the transition location. The facility 
also enables to easily change the sweep angle from M = 0° (present setting) to  M = 60°. A metallic insert has been 
designed in the leading edge region in order to integrate different roughnesses to be tested on the model upper side. 
In the present experiment, rectangular gaps, parallel to the leading edge and with a 150 mm spanwise extent, are 
located exactly at 10% of chord, as shown in Fig. 1(b). Great care was taken to avoid a spurious effect of the insert 
junction with the model by imposing very small tolerances at the junction. 
 
  
(a) (b) 
Fig. 1. (a) The ONERA-D model mounted inside the wind tunnel (sweep angle M = 0°); (b) Top view of the metallic insert with a gap located at 
x/c = 10%. 
The geometry of the different gaps that have been tested are summarized in Table 1.Velocity measurements in 
the boundary layer have been carried out using constant temperature hot-wire anemometry (Dantec Steamline, 
90C10 CTA module, 55P15 probes). After A/C coupling, the signal from the anemometer is low-pass filtered in 
order to avoid aliasing and amplified (factor 10 or 100) so as to benefit from the best available resolution of the A/D 
board. Cut-off frequency of the filter and sampling rate of the A/D board are set in such a way that the Nyquist-
Shannon theorem is satisfied. Specific Labview softwares are used to perform the acquisition and to move the hot-
wire probe support along the streamwise (x), wall-normal (y) and spanwise (z) directions. Finally, the model is 
equipped with pressure taps on the upper side which enables to measure the experimental pressure distribution on 
the side of interest.  
Table 1. Characteristics of the tested gaps. 
Width b (mm) 3 3 3 3 4 4 5 5 
Depth h (mm) 0.5 1 1.5 2 0.5 1 0.5 1 
Aspect ratio h/b 0.17 0.33 0.5 0.67 0.125 0.25 0.1 0.2 
 
In order to characterize the effect of the gaps on the boundary layer transition, two separates experimental 
approaches were used. In the first case, velocity fluctuations u’ were measured at a given location downstream the 
gap, using a fixed hot-wire probe, while the free-stream velocity U∞ was progressively increased. This procedure 
allows to determine the local critical velocity uc at a given location, as the value of the local velocity for which first 
turbulent spots appear and velocity fluctuations start to rise. In a second case, the evolution of velocity fluctuations 
u’ inside the boundary layer were measured along the model chord for a given flow velocity. In this case, the hot-
wire probe is displaced between x/c = 14% and x/c = 80% at the same distance from the wall of the model, this 
distance being carefully chosen in order to be inside the boundary layer all along the measurement This second 
approach gives access to the actual transition move depending on the gap geometry. 
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2.2. Results in a boundary layer developing with favorable pressure gradient 
In this subsection, the model is mounted inside the test section with a negative angle of attack D = -8°, which 
induces a strong negative pressure gradient on the upper-side of the airfoil. As shown in Fig. 2, the flow is 
accelerated all along this side till x/c = 0.9 which leads to the development of a very stable boundary layer with 
regards to the longitudinal instabilities (Tollmien-Schlichting waves). As a consequence, the natural transition is 
located very close to the trailing edge even for high free-stream velocities. In a previous study, Seraudie5 has shown 
that transition is located downstream x/c = 0.9 for this aerodynamic configuration and a free-stream velocity 
U∞ = 75 m/s. One may notice that the ratio between the local velocity and the free-stream velocity at the location of 
the gap (x/c = 10%) is ue / U∞ = 0.76 in this case; this value will be useful in the following analysis.  
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(a) (b) 
Fig. 2. Pressure (a) and velocity (b) distributions over the upper-side of the ONERA-D model for D = - 8°.  
All the gaps were successively mounted on the model in order to assess their effect on transition in this stable 
boundary layer. Velocity fluctuations were measured at different fixed locations along the chord while the free-
stream velocity was progressively increased, as explained in the previous subsection. Typical results are shown in 
Fig. 3 for two different gaps. 
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(a) (b) 
Fig. 3. Velocity fluctuations versus free-stream velocity at several locations along the chord of the model and for two different gaps: 
a) h = 1 mm, b = 4 mm and b) h = 0.5 mm, b = 3 mm.  
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All the curves of these two plots depict the same evolution, with a sudden rise when the transition starts. For each 
chord location, the first point of this rising part of the curve gives the critical free-stream velocity. Then, the local 
critical velocity uc is computed, using the velocity ratio given in the previous subsection (uc / U∞ = 0.76). One 
noticeable result is that, for a given gap, the critical velocity is about the same whatever the measurement location is. 
For example, uc = 30 * 0,76 = 23 m/s for the gap used in the measurements of Fig. 3(a) while 
uc = 55 * 0,76 = 42 m/s in Fig. 3(b). This observation means that transition moves suddenly from its baseline 
location near the trailing edge toward the gap location when the critical velocity is reached.  In this case, transition is 
not progressively shifted upstream while free-stream velocity is increased.  
The same kind of measurements is presented in Fig. 4. The plot on the left (a) shows the effect on the transition 
for three gaps having the same depth but different widths. These results prove a clear dependency on the width of 
the gap, as the largest one trips transition for a lower critical velocity. As a consequence, the choice of Nenni & 
Gluyas to consider this parameter as the critical one seems appropriate (see Equation 1). In a similar way, Fig. 4(b) 
presents the effect on the transition for four gaps having the same width but different depths. At a first glance, these 
results show a dependency on the depth too, but the critical velocity seems to converge to a constant value as the 
depth is increased. Besides, these measurements show a limitation of the Nenni & Gluyas criterion, as it does not 
consider this parameter which, however, seems to be crucial in some particular cases (low depth values).  
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(a) (b) 
Fig. 4. Velocity fluctuations versus free-stream velocity at x/c = 13% for: a) three gaps having the same depth (h = 1 mm) and b) four gaps having 
the same width (b = 3mm).  
 
Using all the previous measurements at x/c = 13% enables to compute the critical Reynolds number Reb 
presented in Equation (1) but using the local critical velocity uc instead of the free-stream velocity U∞. The Reb 
values are plotted versus the aspect ratio h/b for each gap in Fig. 5(a). One first observation is that all the computed 
values of the critical Reynolds number are lower that the Nenni & Gluyas criterion which seems to be very 
optimistic. A second observation is that Reb seems to have a constant value (~ 6000) as long as the aspect ratio h/b is 
higher than 0.2 thus, the assumption that depth is not a critical parameter seems to be verified for gaps sufficiently 
deep. For lower aspect ratios, the critical Reynolds number seems to evolve in a linear way toward higher values. As 
far as we know, the Nenni & Gluyas criterion has been established using flight test data and this may explain the 
discrepancy with our results. Turbulence level, for example, is very different during flight tests and wind tunnel 
experiments and may affect significantly the critical Reynolds value.  
In a recent study, Brazier6 performed boundary-layer computations and linear stability analysis over the same 
model and using the same aerodynamic configuration than in the present case. Very good agreement was found 
between the computations and experimental data such as boundary-layer profiles for example. A part of this 
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previous data set has been used in the present study, especially the boundary-layer integral parameters, in order to 
compute the tripping limits presented in Fig. 5(b). This plot shows the values of the ratio h/G1c versus the ratio b/G1c 
for each tested gap under the critical conditions, which means that G1c is the value of the displacement thickness at 
the location of the gap (x/c = 10%) and for the critical free-stream velocity. Some decades ago, Olive and 
Blanchard7 performed similar measurements over a flat plate with low negative pressure gradient and for lower 
velocities. Their results are also plotted in Fig. 5(b). All the tripping limits gathered on this figure depict a specific 
L-shaped curve which separates the domain where the boundary layer is laminar from the domain where transition is 
tripped by the gap. This critical curve seems to have two asymptotes which are h/G1c ~ 2 and b/G1c ~ 18 meaning that 
a gap has to verify these two geometrical criteria to have a chance to trip transition.  
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(a) (b) 
Fig. 5. Critical Reynolds number Reb versus aspect ratio (a) and tripping limits (b) for all the tested gaps. 
2.3. Results in a boundary layer developing with unfavorable pressure gradient 
In this third subsection, the model is mounted inside the test section with a positive angle of attack D = 1°. The 
corresponding pressure and velocity distributions along the upper side of the model are presented in Fig. 6 and show 
a strong suction peak near the leading edge of the airfoil. Downstream this peak, the flow is progressively 
decelerated till the trailing edge, which strongly destabilizes the TS waves developing inside the boundary layer. 
 
  
(a) (b) 
Fig. 6. Pressure (a) and velocity (b) distributions over the upper-side of the ONERA-D model for D = 1°. 
Turbulent 
Laminar 
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As a consequence, the critical abscissa will be located much closer to the leading edge than for the previous 
configuration (D = -8°) and natural transition will be promoted. For example, the location of transition is about mid-
chord for a free-stream velocity of U∞ = 30 m/s. Longitudinal probing of the boundary layer has been preferred in 
this part so as to characterize the transition. The hot-wire probe is displaced along the chord of the model at the same 
distance from the wall while the free-stream velocity is kept constant, as explained in subsection 2.1. 
All the gaps are successively mounted on the model in order to assess their effect on transition in this unstable 
boundary layer. Typical results are shown in Fig. 7 and Fig. 8 which presents evolutions of velocity fluctuations 
along the chord of the model measured downstream several gaps at U∞ = 30 m/s. On both figures, red curves with 
circle marks shows the measurement corresponding to the baseline case, without any gap. In Fig. 7, all the 
measurements indicate that the presence of a gap destabilizes the boundary layer and that, for a given depth, the 
transition is progressively shifted upstream from its natural location while increasing the gap width. The fact that the 
transition may be shifted at some intermediate locations between the gap (x/c = 10%) and the baseline transition 
location is a first significant result: the effect of a gap is different on an unstable boundary layer or on a stable one, 
for which we have seen that the transition moves directly right downstream the roughness when the tripping limits 
are reached. These results, as those presented in Fig. 4(a), confirm that the width of the gap is a critical parameter 
that has to be considered in a transitioning criterion.  
 
  
(a) (b) 
Fig. 7. Evolution of the velocity fluctuations along the chord of the model downstream: a) three gaps having the same depth h = 0.5 mm and 
b) two gaps having the same depth h = 1 mm (D = 1° and U∞ = 30 m/s).  
 The plots presented in Fig. 8 show the effect on transition of gaps having the same width but different depths. As 
in the previous subsection, a clear dependency on the depth is noticeable for gap having low aspect ratios 
(h/b < 0.2). On the contrary, for h/b values higher than 0.2, the upstream shifts of the transition location are about 
the same, as visible in Fig. 8(a). This result confirms that depth is not a critical parameter for gaps which are 
sufficiently deep.  
 
3. Numerical study 
3.1. Presentation of the model 
Recently, a model has been developed at ONERA4 in order to estimate the effect of gaps on the transition. This 
model, based on a ΔN approach, has been established with the help of several LNS (Laminar Navier Stokes) 
computations of a boundary layer developing over a flat plate and destabilized by different rectangular gaps 
perpendicular to the main flow. Then, linear stability analyses have been conducted on the profiles issued from these 
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computations in order to estimate the N-factor curves. Finally, a model was established in order to estimate the N-
factor differences between the case with and without imperfection. The authors showed that the N-factor 
modification induced by a gap result in the superposition of two components: on one hand, a ΔNpeak which 
represents a drastic increase of amplification rates just above the roughness and may induce transition onset at the 
gap location and on the other hand, a ΔNfar which represents a shift from the natural N-factor curve and which may 
induce a progressive upwind move of transition location. Detailed analytical formulations of the model are given in 
Equations 2. 
97.4Re00793.0Re000209.0
Re
Re
0001.0  ' T
T
b
b
peakN  
244.2Re0025.0Re000035.0
Re
Re
0086.0  ' T
T
b
b
farN   (2) 
where ReT stands for the momentum Reynolds number at the gap location, without the gap. The numerical study also 
found a condition h/b > 0.2 in order to avoid an effect of the gap depth. 
 
  
(a) (b) 
Fig. 8. Evolution of the velocity fluctuations along the chord of the model downstream: a) four gaps having the same width b = 3 mm and b) two 
gaps having the same width b = 4 mm (D = 1° and U∞ = 30 m/s).  
 
3.2. Comparison with experimental data  
The boundary layer which develops along the model with a negative angle of attack is very stable with regards to 
the TS-waves and the corresponding N-factors are very low all along the chord of the model till x/c = 90%. As a 
consequence, the ΔNfar component of the model cannot be applied on this configuration. This is the reason why 
transition moves suddenly from its natural location toward the gap when critical conditions are reached. In this case, 
the growth rates induced by the flow just above the gap are high enough to trip transition (ΔNpeak effect). In order to 
make an efficient comparison between the model predictions and the experimental data, the second aerodynamic 
configuration seems to be more appropriate than the first one as the critical abscissa is near the leading edge due to 
unfavourable pressure gradient.  
In a first step, boundary layer computations have been conducted for the airfoil without imperfection and using 
the same aerodynamic settings than the experiment presented in subsection 2.3 (D = 1° and U∞ = 30 m/s). The 
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experimental pressure distribution has been used to achieve this goal. Then, linear stability analysis has been 
performed in order to compute the evolutions of N-factors along the chord, as shown in Fig. 9 (the red and thick line 
represents the N-factors envelop curve). One first observation is that the gap is located downstream the critical 
abscissa (x/c = 6%) which is compliant with one of the conditions to apply the model. Then, the measured transition 
location of the baseline case (x/c = 54% - see Fig. 7 or Fig. 8) is used to determine the transitional N-factor which is 
Nt ~ 6 in the present case.  
In a second step, the effect of several imperfections was estimated using the ΔN formulas given in Equation 2. 
One may remark that the gap depth is not a parameter of the model. As a consequence, using the results of the 
experiment, only gaps having aspect ratios higher than 0.2 are considered in this analysis. The corresponding  ΔNfar 
and ΔNpeak values are summarized in Table 2.  
Finally, the ΔN values computed with the model are used to predict the transition location of the boundary layer 
destabilized by the gap, using the same process as the classical eN method: transition will be located where the 
modified N-factors reach the Nt value. Fig. 9 graphically represents the effect of a gap having a width b = 4 mm. The 
black and thick line depicts the envelop curve of the baseline case vertically shifted from the corresponding ΔNfar 
value and the purple cross (at x/c = 10%) indicates the corresponding ΔNpeak value.  
 
    Table 2. ΔN values for several gaps (D = 1° and U∞ = 30 m/s). 
Gap width b (mm) 3 4 5 
ΔNfar 2.23 2.41 2.59 
ΔNpeak 4.74 5.25 5.76 
 
 
Looking specifically at the ΔNpeak values of Table 2 allows affirming that transition will not be triggered at the 
exact location of the gap, since the values are all below the Nt level. This is in accordance with the experimental data 
presented in Fig. 7(b) where transition is always measured downstream the gap. Furthermore, the predicted 
transition location using the ΔNfar effect is x/c = 14% for the considered gap which is in very good agreement with 
the measured transition location (x/c = 16%). Therefore, in this case, the model is really efficient to predict the effect 
of the gap on the transition. This conclusion will have to be extended for different pressure gradients in future 
experiments.    
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Fig. 9. Linear stability computations and ΔN modifications induced by a gap having a width b = 4 mm (D = 1° and U∞ = 30 m/s).  
 
 
4. Conclusions 
In this paper, the effects of gaps on the boundary layer transition have been investigated on an ONERA-D airfoil 
both experimentally and numerically. The experiment enables to quantify the transition modification induced by the 
imperfection compared to the smooth case, which is very different whether the boundary layer is stable or unstable 
with regards to the longitudinal instabilities. In the first case, transition moves right downstream the gap when 
critical conditions are reached while in the second case, transition may be progressively shifted upstream from its 
natural location. Moreover, the experiment has shown that the width of the gap seems to be a relevant parameter to 
estimate the critical conditions for which transition is tripped. On the contrary, the effect of gaps seems to be 
independent of the depth as long as the aspect ratio is higher than h/b = 0.2. Anyway, for the whole set of gaps tested 
during this experiment, the critical Reynolds number Reb are significantly lower than the value given by the Nenni 
& Gluyas criterion. At the same time, the gap effects are numerically estimated with the help of a ΔN model 
previously developed at ONERA. Comparisons with the experimental data indicate very good agreement between 
the measured transition locations and the model predictions. This conclusion will have to be extended for different 
pressure gradients in future experiments.    
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